The receptor activator of nuclear factor-κB (RANK) protein activates various protein kinase signaling cascades, including those involving NF-κB, mitogen-activated protein kinase (MAPK), and Bruton tyrosine kinase (Btk)/tyrosine-protein kinase Tec. However, the mechanism underlying the negative regulation of RANK by downstream signaling molecules remains unclear. Here, we report that Src homology 3 domain and cysteine-rich domain-containing protein 2 (STAC2) is a novel RANK ligand-inducible protein that negatively regulates RANK-mediated osteoclast formation. STAC2 physically interacts with RANK and inhibits the formation of the RANK signaling complex, which contains Grb-2-associated binder 2 (Gab2) and phospholipase Cγ2 (PLCγ2), thus leading to the suppression of RANK-mediated NF-κB and MAPK activation. Furthermore, STAC2 overexpression limits Btk/Tec-mediated PLCγ2 phosphorylation via the interaction between STAC2 and Btk/Tec. Taken together, our results reveal a novel mechanism whereby RANK signaling is restricted by its physical interaction with STAC2.
Introduction
Skeletal homeostasis depends on a balance between boneforming osteoblasts and bone-resorbing osteoclasts. An imbalance between bone resorption and formation causes various bone diseases, such as rheumatoid arthritis and osteoporosis [1, 2] . Osteoclasts are multinucleated cells (MNCs) that can degrade the mineralized bone matrix. Macrophage colony-stimulating factor (M-CSF) and receptor activator of nuclear factor-κB (RANK) ligand (RANKL) are considered to be essential cytokines for osteoclastogenesis [3, 4] . The binding of RANKL to RANK initiates the recruitment of tumor necrosis factor receptorassociated factor 6 (TRAF6), which induces the synthesis of multiple polyubiquitin chains that target TGFβ-activated kinase 1 (TAK1), leading to the activation of mitogenactivated protein kinase (MAPK) and NF-κB pathways and influencing the formation, survival, and resorptive activity of osteoclasts [5] [6] [7] [8] . Recent studies reported that the Grb-2-associated binder 2 (Gab2) protein is an important molecular adaptor for the RANK-mediated activation of the c-Jun N-terminal kinase (JNK) and NF-κB pathways. Moreover, Gab2 is recruited to RANK and forms a complex with phospholipase Cγ2 (PLCγ2) to modulate osteoclastogenic signals [9] [10] [11] .
RANKL activates the expression of transcription factors, such as c-Fos, microphthalmia transcription factor, and nuclear factor of activated T cells c1 (NFATc1). Among these, NFATc1 is a key transcription factor in osteoclastogenesis. Its expression is dependent on TRAF6 and c-Fos pathways during RANKL-induced osteoclastogenesis [3, 6, 12] . The induction of NFATc1 is also dependent on the phosphorylation of immunoreceptor tyrosine-based activation motif (ITAM)-containing adaptors, such as the γ-chain of the Fc receptor and DNAX-activating protein 12, which mediate calcium signaling in association with the costimulatory receptor, osteoclast-associated receptor (OSCAR) [13, 14] . The activation of ITAM-containing adaptors results in the phosphorylation of the spleen tyrosine kinase, which in turn recruits Btk/Tec kinases. Btk and Tec kinases
Edited by E. Baehrecke link RANK to ITAM signals with adaptor molecules like the B-cell linker, leading to the activation of PLCγ2 and subsequent calcium mobilization [10, 13, 15, 16] . The mechanism by which RANK and ITAM signals regulate these downstream signaling pathways remains unclear.
The Src homology 3 and cysteine-rich domain 2 (STAC2) gene is a member of the STAC gene family. Recent studies have shown that the protein encoded by another member of this family, STAC3, is essential for skeletal muscle development and myoblast differentiation. Furthermore, STAC3 is involved in the excitation-contraction (EC) coupling that mediates muscle contractility and voltage-induced Ca 2+ release [17, 18] . Unlike STAC3, STAC1 and STAC2 proteins are expressed in the central nervous system [19] . However, little is known about the role of STAC2 in osteoclasts.
In this study, we identified that STAC2 is strongly induced by RANKL-stimulated NFATc1 during osteoclastogenesis. The overexpression of STAC2 inhibited osteoclast differentiation by attenuating NF-κB and MAPK signaling pathways. Furthermore, RANKL-induced STAC2 abolished RANK complex formation, which is composed of PLCγ2, Gab2, and Btk/Tec kinases, and impaired RANKLstimulated PLCγ2 activation. Thus, our data suggest that STAC2 plays an important role in the negative regulation of osteoclastogenesis.
Results

STAC2 is upregulated by RANKL during osteoclast differentiation
To identify RANKL-induced molecules that are potentially involved in osteoclastogenesis, we performed a genome-wide screen of mRNAs expressed during the differentiation of bone marrow-derived macrophages (BMMs) into osteoclasts [20] . We found that STAC2 mRNA expression levels increased by 4.58-fold, 72 h after RANKL stimulation (Fig. 1a) . Both protein and mRNA levels of STAC2 significantly increased during osteoclast formation in response to RANKL (Fig. 1b, c) . Unlike STAC2, the mRNA levels of STAC1 and STAC3, other members of the STAC gene family, barely changed ( Supplementary Fig. S1 ). Next, we examined whether RANKL-induced STAC2 expression was regulated by NFATc1, a key transcription factor involved in RANK signaling. We found that STAC2 protein levels were strongly decreased by cyclosporin A (CsA), a known calcineurin/ NFAT inhibitor (Fig. 1d) . Conversely, overexpression of a constitutively active form of NFATc1 (CaNFATc1) increased STAC2 levels in the absence of RANKL stimulation (Fig. 1e) . Consistently, NFATc1 downregulation by short-interfering RNA (siRNA) markedly decreased RANKL-induced STAC2 expression ( Supplementary   Fig. S2 ). Furthermore, a 2.5-kb STAC2 promoter fragment (−2500 to + 90), linked to a luciferase reporter construct, was activated by CaNFATc1 overexpression compared with a 0.1-kb promoter fragment (−100 to +90) ( Supplementary  Fig. S3a, b) . We further examined which of the two NFATc1-binding sites (BS1 and BS2) was critical for NFATc1 binding. The BS1 mutant did not affect luciferase activity in the presence of NFATc1. However, the BS2 single and double mutants each significantly decreased luciferase activity in the presence of NFATc1 compared to the wildtype controls (Supplementary Fig. S3b ). Thus, these findings indicate that RANKL induces the expression of STAC2 via NFATc1 during osteoclast differentiation.
STAC2 is a negative regulator of osteoclastogenesis
To investigate whether STAC2 is involved in osteoclast differentiation, BMMs were infected with empty or STAC2-expressing retrovirus. Transduced BMMs were cultured with M-CSF and RANKL, and stained for tartrate-resistant acid phosphatase (TRAP). STAC2 overexpression greatly decreased the number of TRAP-positive MNCs (≥10 nuclei) after RANKL stimulation (Fig. 2a) . We examined the protein expression levels of the osteoclast formation marker genes NFATc1 and Atp6v0d2. Compared with control cells, BMMs overexpressing STAC2 had markedly decreased NFATc1 and Atp6v0d2 protein levels after RANKL stimulation (Fig. 2b) . The blockade of osteoclast formation was further confirmed in pre-osteoclasts infected with STAC2 retrovirus ( Supplementary Fig. S4a, b) . We then used siRNA-mediated knock down of STAC2 to examine whether STAC2 inhibits RANKL-mediated osteoclastogenesis. STAC2 siRNAtransfected BMMs displayed significantly enhanced osteoclast formation compared to controls ( Fig. 2c and Supplementary Fig. S5 ). In addition, the downregulation of STAC2 increased NFATc1 expression (Fig. 2d) . Likewise, the area of bone resorption pits was decreased significantly by STAC2 overexpression (Fig. 2e) . This decrease in resorptive activity possibly reflected decreased large osteoclast formation under differentiation conditions in vitro. Unlike STAC2, STAC1, and STAC3 overexpression had no effect on osteoclast differentiation or resorption ( Supplementary  Fig. S6a, b) . In contrast to osteoclasts, the overexpression of STAC2 had little effect on the bone morphogenetic proteininduced differentiation of osteoblasts ( Supplementary  Fig. S7a, b) . Collectively, these results indicate that STAC2 plays a critical role in suppressing the differentiation of osteoclasts but not that of osteoblasts.
STAC2 attenuates RANK signaling pathways
Given our data that overexpression of STAC2 inhibits RANKL-induced osteoclast formation, we explored the effects of STAC2 on the activation of RANKL-dependent NF-κB and MAPK pathways. BMMs that had been transduced with retroviral vectors expressing empty or STAC2 were stimulated with RANKL and the activation of JNK, p38, ERK, and IκBα were measured. Notably, these pathways were remarkably attenuated in STAC2-overexpressing BMMs (Fig. 3a) . However, unlike RANKL, STAC2 overexpression had no effect on the M-CSF-and LPS-induced NF-κB and MAPK signaling pathways ( Fig. 3b and Supplementary Fig. S8 ), suggesting that STAC2 acts specifically in response to RANKL to inhibit NF-κB and MAPK activation.
STAC2 interacts with RANK after RANKL stimulation
Because STAC2 acts as a negative regulator of osteoclast formation by inhibiting RANKL-initiated signaling pathways, we wondered whether STAC2 might physically interact with RANK to block these pathways. We found that STAC2 interacted with RANK after co-transfection in 293 T cells (Fig. 4a) . To further examine the interaction between RANK and STAC2, BMMs were incubated with M-CSF, with or without RANKL, for 3 days, and endogenous RANK was immunoprecipitated with anti-RANK antibodies. The result of these immunoprecipitation Fig. 1 Identification of STAC2 as a novel RANKL-induced gene during osteoclastogenesis. a Gene chip analysis of STAC2 mRNA after RANKL stimulation. b BMMs were stimulated with RANKL for the indicated times, followed by lysis and western blot analysis with antibodies to STAC2, NFATc1, TRAF6, Atp6v0d2, and GAPDH. c Quantitative real-time PCR of the mRNA expression levels of STAC2, NFATc1, and Atp6v0d2 relative to β-actin in RANKL-stimulated BMMs for the indicated times. Data are presented as the mean ± S.D. *P < 0.005, **P < 0.001. d BMMs treated with DMSO (Mock) or cyclosporin A (CsA, 2 μM) were cultured with M-CSF in the absence or presence of RANKL for 3 days. Total cell lysates were subjected to western blot analysis with the indicated antibodies. e BMMs transduced with retroviral vector pMX-puro (EV) or constitutively active NFATc1 (CaNFATc1) were cultured with M-CSF for 5 days. Cells were lysed and subjected to western blot analysis with the indicated antibodies. Data are representative of at least three independent experiments b, c or at least two independent experiments in d-e experiments showed that endogenous STAC2 interacts with RANK following RANKL stimulation (Fig. 4b) . We isolated membrane rafts after RANKL stimulation and observed that RANK and STAC2 were recruited to the lipid rafts, which are specialized domains in RANK signal transduction [21, 22] (Supplementary Fig. S9 ).
In osteoclast precursor cells, the highly conserved region (HCR) within the RANK cytoplasmic domain is known as an important platform for the RANK signaling complex. Gab2 and PLCγ2 associate with RANK through the HCR, which is distinct from TRAF6-binding sites, to mediate RANK signaling pathways [11] . On the basis of previous studies showing that the IVVY sequence (amino acids 535-538) in the HCR is critical for osteoclast formation [20, 23] , we further investigated whether STAC2 interacts with RANK through the IVVY motif. We used several RANK mutants, in which certain amino acids were mutated to alanine, and examined their ability to bind STAC2. Interestingly, mutants spanning the IVVY motif, 535-537 (IVV) and 538-540 (YVS), dramatically abolished the RANK-STAC2 interaction (Fig. 4c, d ). These results demonstrate that the IVVY motif within the HCR of RANK is crucial for the STAC2-RANK interaction, which likely plays a regulatory role in osteoclast formation.
To identify specific domain in STAC2 that interacts with RANK, we generated a series of STAC2 deletion mutants c Osteoclasts were fixed and stained for TRAP, and the number of TRAP-positive MNCs (≥10 nuclei per cell) per well was counted. Scale bar, 200 μm. Data are presented as the mean ± S.D. **P < 0.001. d Protein expression levels were determined by western blot analysis with the indicated antibodies. e BMMs transduced with retrovirus (EV and STAC2) were cultured with M-CSF and RANKL on dentine slices. TRAP-positive MNCs (≥3 nuclei per cell) were generated and stained with hematoxylin to visualize pit formation. Right panel shows pooled data from three experiments normalized to the number of osteoclasts. Data are representative of at least five independent experiments a, b or at least three independent experiments c-e lacking proline-rich, zinc finger, or SH3 domain. By overexpressing RANK and STAC2 mutants in 293T cells, we observed that multiple domains, including the proline-rich, zinc finger, and SH3 of STAC2, are required for RANK interaction (Fig. 4e, f) . To further determine the functional domain of STAC2 that regulates osteoclast formation, we retrovirally infected BMMs with the wild-type or deletion mutants of STAC2. Interestingly, only proline-rich deletion mutant showed inhibitory effects same as those showed by wild-type STAC2 on osteoclast formation, whereas the deletion mutants, such as zinc finger and SH3 of STAC2, abolished their inhibitory effects (Supplementary Fig. S10 ). Therefore, we conclude that zinc finger and/or SH3 domains, but not proline-rich domain of STAC2, are important for the negative regulation of RANKL-mediated osteoclastogenesis.
STAC2 abolishes the RANK signaling complex
Previous studies reported that RANK associates with PLCγ2 and Gab2 after RANKL stimulation [9] [10] [11] . Because our results indicated that STAC2 also interacts with RANK, we questioned how STAC2 participates in the RANK signaling complex after RANKL stimulation. Interestingly, STAC2 overexpression in 293T cells abrogated the association of Gab2 and PLCγ2 with RANK in a dose-dependent manner (Fig. 5a) . Furthermore, retroviral overexpression of STAC2 in BMMs significantly inhibited the association of PLCγ2 and Gab2 with RANK (Fig. 5b) . These data suggest that RANKL-induced STAC2 expression interrupts the formation of the RANK signaling complex, which is composed of PLCγ2 and Gab2.
Because the Btk/Tec kinases are known to link the RANK and ITAM pathways to calcium signaling via PLCγ2 activation [15] , we investigated whether overexpression of STAC2 could affect the relationship between PLCγ2 and Btk/Tec. Consistent with results from previous reports, the phosphorylation of PLCγ2 increased in the presence of Btk and Tec. However, Btk-/Tec-mediated PLCγ2 phosphorylation was decreased by STAC2 overexpression in 293T cells (Fig. 6a, b) . In addition, when STAC2 was overexpressed, the interaction of PLCγ2 with Btk/Tec was significantly decreased, but STAC2 still interacted with Btk/Tec (Fig. 6c, d ). To further confirm the underlying mechanism of RANKL signaling, we performed a similar experiment in RANKL-induced pre-osteoclasts. The result of this immunoprecipitation experiment confirmed that the endogenous interaction between PLCγ2 and Btk was inhibited by STAC2 in pre-osteoclasts. We also found that STAC2 infection decreased PLCγ2 phosphorylation in pre-osteoclasts (Fig. 6e) . Taken together, these results suggest that STAC2 abolishes the RANK signaling complex containing Gab2 and PLCγ2 as well as blocks the association between PLCγ2 and Btk/Tec.
Discussion
The negative regulation of osteoclast formation is important to control healthy skeletal remodeling and prevent the development of bone-related diseases. Initiation and termination of the signaling pathways underlying the formation of mature osteoclasts from mononuclear precursors is a critical checkpoint of this control. The complicated network of transcriptional repressors, including IRF8, Bcl6, and MafB [24] [25] [26] , and extracellular secreted molecules, such as Whole-cell lysates were prepared and subjected to immunoprecipitation with anti-Flag antibodies and analyzed by western blotting. b BMMs were cultured with M-CSF in the absence or presence of RANKL for 3 days. Cells were lysed and immunoprecipitated with anti-RANK antibodies. The resulting immunoprecipitated samples and total whole-cell lysates were subjected to western blot analysis with antibodies to RANK and STAC2. c Schematic diagrams of wild-type and mutant constructs of GST-RANK. Constructs that can interact with STAC2 are indicated by + . d The 293T cells were cotransfected with Flag-STAC2 and various GST-RANK mutants. Cell extracts were precipitated with Glutathione-Sepharose beads and subjected to western blot analysis using the indicated antibodies. Data are representative of at least three independent experiments (a-d). e Schematic diagrams of wild-type and deletion mutant constructs of Flag-STAC2. Constructs that can interact with RANK are indicated by + . f The 293T cells were co-transfected with GST-RANK and various Flag-STAC2 mutants. Cell extracts were precipitated with Glutathione-Sepharose beads and subjected to western blot analysis using the indicated antibodies. Data are representative of at least three independent experiments (a-f) osteoprotegerin and interferon-β, are tightly regulated to control the osteoclast formation process [27] . In addition, previous studies have demonstrated the inhibitory roles of SHIP-1 and IRAK-M during osteoclastogenesis. These proteins are abundantly expressed in macrophages and contribute to the suppression of innate immune signaling [28, 29] . SHIP-1 targets M-CSF receptor signaling, whereas IRAK-M inhibits the interleukin-1 receptor pathway, thereby regulating osteoclast differentiation and activation [30] [31] [32] . In this regard, our results suggest that STAC2, unlike SHIP-1 or IRAK-M, targets RANK receptor signaling for the suppression of osteoclast differentiation.
The temporal regulation of signaling downstream of the RANK receptor can be divided into several phases, including initiation, commitment, and termination, depending on the signaling processes of osteoclast formation. During the initiation phase, RANKL stimulation leads to the rapid activation of MAPK and canonical NF-κB pathways through TRAF6 within 1 h of culture [33] [34] [35] . Next, during the commitment phase, NFATc1 begins to accumulate approximately 1-2 days after RANKL stimulation, as cytosolic Ca 2+ levels begin to oscillate [12] . The concerted actions of RANK as well as the Ig-like receptors OSCAR and TREM-2 drive this phase [36, 37] . Finally, during the termination phase, RANK signaling regulates cell fusion and bone resorption, mainly through NFATc1, which orchestrates the transcription of osteoclast-specific genes together with AP-1, PU.1, and the microphthalmia transcription factor [38, 39] . Considering the expression patterns of STAC2 during osteoclast formation, it is probable that STAC2 participates in signaling pathways that mediate the commitment or termination phase, which is consistent with our observations that STAC2 targets the RANK signaling complex and destabilizes the interaction between RANK and Gab2/PLCγ2.
The adaptor protein, Gab2, a crucial component of the RANK signaling pathway, is required for the activation of NF-κB and JNK, but not of NFATc1 [9] . PLCγ2 associates with Gab2 in immune cells [10, 40] , suggesting that this same complex regulates RANK signaling in osteoclasts. PLCγ2 binds Gab2 in response to RANKL, mediates Gab2 recruitment to RANK, and is required for Gab2 phosphorylation, thereby activating AP-1 and NF-κB. Moreover, Btk/Tec kinases activate the PLCγ2-Ca 2+ -NFATc1 cascade. This dual activity of PLCγ2 to upregulate NFATc1 and activate NF-κB and AP-1 pathways is likely because of its enzymatic activity and adaptor function, respectively [10] . Thus, it appears that STAC2 inhibits NF-κB and MAPK activation through the dissociation of Gab2/PLCγ2 from the RANK complex. In addition, STAC2 might prevent Btk/ Tec-mediated PLCγ2 phosphorylation by abolishing the interaction between PLCγ2 and Btk/Tec.
Presently, there are no reports of any STAC2 function in vitro or in vivo. Among the members of the STAC family, STAC3 was recently reported as a novel regulator of skeletal muscle development. Although Stac3 -/-mice are perinatal lethal, these mice show skeleton abnormalities accompanied by a dramatic reduction in bone ridge formation and abnormal myofiber morphology [18, 41] . Furthermore, Polster et al. [42] reported that STAC3 is required for both the Ca 2+ channel and EC coupling functions of Ca V 1.1, implying that STAC3 is important for modulating Ca 2+ currents. Such evidence supports the possibility that STAC2 could modulate the PLCγ2-activated Ca 2+ signaling Fig. 5 Effects of STAC2 on the RANK-Gab2-PLCγ2 complex. a The 293T cells were cotransfected with GST-RANK, PLCγ2, Gab2, and Flag-STAC2. Protein complexes were precipitated with GlutathioneSepharose beads and subjected to western blot analysis using the indicated antibodies. b BMMs were infected with pMXpuro retrovirus (EV) and pMXpuro retrovirus expressing STAC2 (STAC2). The transduced BMMs were cultured with M-CSF and RANKL for 3 days and serum-starved. Cells were then stimulated with RANKL (300 ng/ml) for 15 min and lysed for immunoprecipitation with anti-RANK antibodies. Data are representative of at least three independent experiments a, b required for the induction and activation of NFATc1 during osteoclast formation and play a crucial role in skeletal biology.
In conclusion, by identifying STAC2 as a negative regulator of RANK signaling in osteoclasts, the present study provides novel insight into the mechanism of RANKdependent signaling. After RANKL stimulation, STAC2 directly associates with RANK, resulting in the suppression of Gab2/PLCγ2-mediated NF-κB and MAPK signaling pathways as well as the inhibition of Btk/Tec-mediated PLCγ2-NFATc1 pathways. These results demonstrate that STAC2 negatively regulates RANK-mediated osteoclastogenic signaling, at least in part by inhibiting PLCγ2-mediated signal transduction. Notably, negative regulators that restrain osteoclastogenesis help maintain bone homeostasis under physiological conditions and limit the amount of bone loss in pathological conditions, such as inflammatory states. Further research into pathophysiological roles of Protein complexes were precipitated with Glutathione-Sepharose beads and subjected to western blot analysis using the corresponding antibodies. e BMMs transduced with retroviruses (EV and STAC2) were cultured with M-CSF and RANKL for 3 days. After serum starvation, BMMs were stimulated with RANKL (300 ng/ml) for 15 min. Cells were then lysed and immunoprecipitated with antibodies to Btk. Data are representative of at least three independent experiments a-d, or at least two independent experiments (e) STAC2 will be required to understand whether STAC2 truly can serve as a key negative feedback loop that limits RANK signaling. These efforts will provide us with a deeper understanding of bone homeostasis, and they might lead to new approaches for therapeutic intervention in bone diseases.
Materials and methods
Reagents and plasmids
Recombinant human M-CSF was purchased from R&D Systems (Minneapolis, MN, USA), and RANKL was obtained from Peprotech EC (London, UK). Antibodies used in the study include anti-phospho-PLCγ2, anti-Btk, anti-phospho-ERK1/2, anti-ERK1/2, anti-phospho-JNK, anti-JNK, anti-phospho-p38, anti-p38, and anti-IκBα (Cell Signaling Technology, Beverly, MA, USA); anti-GST, anti-PLCγ2, anti-NFATc1, anti-Tec, anti-Tubulin, and anti-GAPDH (Santa Cruz Biotechnology Inc.); monoclonal anti-FLAG (Sigma-Aldrich), anti-RANK (Abcam Corporation, Cambridge, UK), anti-Gab2 (Millipore), and rabbit polyclonal anti-STAC2 (Novus Biologicals). Anti-Atp6v0d2 antibody was kindly provided by Y. Choi (University of Pennsylvania, Philadelphia PA, USA). Mouse STAC2 and various deletion mutants were generated by polymerase chain reaction (PCR) and cloned into the pFLAG-CMV2 and pMX-puro expression vectors. The pCMV6-EntrymSTAC1 and pCMV6-Entry-mSTAC3 vectors were purchased from OriGene Technologies. The retroviral vector containing a constitutively active form of NFATc1 (CaNFATc1) has been previously described [20] .
Bone marrow macrophage and osteoclast cultures
BMMs and osteoclasts were obtained from murine bone marrow precursors of 4-to 6-week-old C57BL/6 mice (The Jackson Laboratory). BMMs were cultured for 3 days in α -minimum essential medium (α -MEM; HyClone, South Logan, UT, USA) supplemented with 10% fetal bovine serum (FBS; HyClone) and antibiotics containing M-CSF (30 ng/ml). After 3 days, adherent BMMs were harvested to obtain osteoclast precursor cells of the monocyte/ macrophage lineage. For osteoclasts, BMMs were cultured in the presence of M-CSF (30 ng/ml) and RANKL (50 ng/ml) for 3-5 days as described above. For early time point signaling, infected BMMs were serum-starved for 6 h with 0.1% FBS in the absence of M-CSF. Next, cells were stimulated with RANKL (200 ng/ml), M-CSF (100 ng/ml), or LPS (1 μg/ml) for the indicated time periods. All primary cell experiments were approved by the Institutional Animal Care and Use Committee of Ewha Laboratory Animal Genomics Center and were conducted according to the approved guidelines.
Pit formation assay
Pre-osteoclasts were plated on dentin slices in 96-well culture plates with α -MEM. The cells were cultured for 3 days with RANKL (50 ng/ml) in the presence of M-CSF (30 ng/ml). The dentin slices were washed with water, and pits formed by mature osteoclasts were stained with hematoxylin solution (Sigma-Aldrich). Individual pits were observed and evaluated using Image-Pro Plus version 4.5 software (Media-Cybernetics, Rockville MD, USA) as previously described [43] .
Reverse transcription and real-time quantitative PCR
Total RNA was extracted from cultured BMMs using RNAiso plus (Takara), according to the manufacturer's instruction. A DiaStar TM Reverse Transcription kit (SolGent, Seoul, Korea) was used for the reverse transcription of purified RNA. Real-time quantitative PCR was performed in triplicate on an ABI PRISM 7300 unit (Applied Biosystems, Foster City, CA, USA) and the SYBR Green Master kit (Kapa Biosystems, Wilmington, MA, USA). Primers specific for STAC1, STAC2, STAC3, Nfatc1, Atp6V0d2, and Actin were as follows: STAC1, 5′-AAA GATTCAGGACAGGGTTGG-3′ and 5′-GAGGTCACGC ATATCTGGTTC-3′; STAC2, 5′-GAGAATGAACCGGA TGACG-3′ and 5′-TTCGAAGGATGGTTTTGAGG-3′; STAC3, 5′-CGGATTCTTCCCTCCAAACT-3′ and 5′-C CACCAGCTTCATCTCCTTT-3′; Nfatc1, 5′-CCAGAAA ATAACATGC-3′ and 5′-GTGGGATGTGAACTCG-3′; Atp6v0d2, 5′-CAGAGATGGAAGCTGT-3′ and 5′-TG CCAAATGAGTTCAG-3′; and Actin, 5′-GCTTCTT CTTTGCAGCTCCT-3′ and 5′-ATCGTCATCCATGG CGA-3′.
Retroviral infection
PLAT-E retrovirus packaging cells were transfected with pMX-puro empty, pMX-puro-Flag-STAC1, pMX-puroFlag-STAC2, pMX-puro-Flag-STAC2 deletion mutants, pMX-puro-Flag-STAC3, or pRC-NFATc1-CA retroviral vector using polyethylenimine (Sigma-Aldrich) reagent, and the supernatant was collected 36-48 h after transfection. BMMs were infected with the retroviral supernatant in the presence of M-CSF (30 ng/ml) and polybrene (10 μg/ml) for 5 h. After a 24 h infection, M-CSF (30 ng/ml) and puromycin (2 μg/ml) were added for 2 days to select the infected cells. Puromycin-resistant BMMs were used for osteoclast differentiation and incubated in the presence of M-CSF (30 ng/ml) and RANKL (50 ng/ml) for an additional 3-5 days.
siRNA transfection
The siRNA targeting mouse STAC2 and NFATc1 was designed and purchased from Genolution (Seoul, Korea). The corresponding target mRNA sequences for the siRNAs were as follows: si-STAC2, 5′-TGTAAG ACTTGCAAAGTCAuu-3′; si-NFATc1, 5′-GGACTCC AAGGTCATTTTCuu-3′; scrambled non-targeting siRNA (negative control), 5′-ACGTGACACGTTCGGAGAAuu-3′. BMMs were transfected with the siRNAs (20 nmol) using Lipofectamine RNAiMAX reagent (Invitrogen), according to the manufacturer's protocol. After 1 day, the BMMs were cultured with M-CSF (30 ng/ml) and RANKL (100 ng/ml) for osteoclast generation or protein analyses.
GST pull-down assay
The 293T cells were cultured in Dulbecco's modified Eagle's medium (HyClone) containing 10% FBS and antibiotics. Cells were re-plated 24 h prior to transfection and transfected with the indicated combinations of expression vectors using polyethylenimine. After 48 h, cell extracts were obtained after treatment of cells with 1% NP-40 lysis buffer (20 mM HEPES, pH 7.0, 10 mM EDTA, 150 mM NaCl, 150 mM KCl, 10% glycerol, and 1% Nonidet P-40) containing protease inhibitors. Whole-cell lysates were precipitated by Glutathione-Sepharose 4B (GE Healthcare Life Science) for 3 h at 4°C and analyzed by western blotting as previously described [44] .
Western blot analysis and immunoprecipitation
BMMs were incubated with M-CSF (30 ng/ml) in the presence or absence of RANKL (50 ng/ml) for the indicated periods. Cells were lysed in cell extraction buffer (20 mM HEPES, pH 7.9, 5 mM EDTA, 150 mM NaCl, 1% Triton X-100, and 10% glycerol) containing protease inhibitors. The cell lysates were harvested and subjected to western blot analysis using the indicated antibodies. Immunoprecipitation was performed on whole-cell extracts that were incubated with specific antibodies overnight, followed by incubation with protein G-Sepharose (GE Healthcare Life Science) for 2 h at 4°C. The immunoprecipitates were then subjected to sodium dodecyl sulfate polyacrylamide gel electrophoresis and western blot analysis. The 293T cells were harvested 48 h after transfection and lysed in 1% NP-40 lysis buffer. Whole-cell lysates were subjected to western blotting or immunoprecipitation as described above [45] .
